Geothermal areas can be local sources of greenhouse gases, both directly from the geothermal system or because of soil warming effects on biological sources. In this study we repeated field measurements methane (CH 4 ) and nitrous oxide (N 2 O) fluxes along the soil temperature (T s ) gradient in a Sitka spruce (Picea sitchensis) stand at the ForHot study site in southern Iceland, where geothermal soil warming had started eight years earlier.
INTRODUCTION
Carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O) are important greenhouse gases. The concentration of these gases in the atmosphere has increased since industrialization began due to enhanced anthropogenic sources; however, there are also important natural sources for these gases, such as soils. Carbon dioxide is produced in soils during respiration by plants, soil animals and soil microorganisms. Soil temperature and moisture are the most important regulators of soil respiration (Chapin et al. 2002) . Methane is formed in soils by anaerobic methanogenesis (Le Mer & Roger 2001 ) and the production of CH 4 is primarily controlled by oxygen content, but is additionally controlled by soil temperature, pH, vegetation, moisture and salinity (Le Mer & Roger 2001) . Nitrous oxide is mainly produced by microbial aerobic nitrification and anaerobic denitrification in soils (Priemé & Christensen 2001 , Smith 2017 and these processes are regulated by several factors such as temperature, moisture, pH and N-availability (Smith 2017) .
Soils can be sources also for some other reactive gases like nitric oxide (NO) and nitrous acid (HONO), and the emissions of these gases can also be affected by soil temperature (Pilegaard 2013) . Nitric oxide is not a greenhouse gas, but it reacts to form smog and acid rain and it is also important to the formation of tropospheric ozone (Heil et al. 2016 ). Nitrous acid is also a reactive gas in the atmosphere and has been linked to the production of N 2 O and NO (Su et al. 2011 , Maljanen et al. 2013 ). Nitrous acid is not a greenhouse gas; instead, it contributes to the formation of hydroxyl radicals (·OH), which are strong oxidizing molecules and can oxidize atmospheric CH 4 (Riedel & Lassey 2008) . The soil-related sources and formation pathways of HONO are not yet well known. Photosensitized reduction of nitrogen dioxide (NO 2 ) on aerosol surfaces containing humic acid is considered an important source of HONO (Stemmler et al. 2006) but it is also produced in soils (Su et al. 2011 , Oswald et al. 2013 , Maljanen et al. 2013 , Scharko et al. 2015 , Bhattarai et al. 2018 .
Temperature affects the production and consumption of the greenhouse gases (CH 4 , N 2 O and CO 2 ) and also NO. Thus, greenhouse gas fluxes from ecosystems are expected to change with the warmer temperatures resulting from climate change. The effects of increasing temperature can be studied using manipulation experiments with artificial warming or by using natural temperature gradients. We measured earlier (in 2012-2014) the emissions of N 2 O and CH 4 from natural geothermal temperature gradients in southern Iceland and found significant differences in the flux rates with changing soil temperature from normal ambient temperatures (from 2 to 14°C) up to an elevation of +40 °C . Here, we repeated the field measurements in 2016 and complemented them with laboratory studies on the production rates of the three greenhouse gases (CO 2 , CH 4 and N 2 O) and also with analysis of HONO and NO production rates in 2016. We hypothesize that volcanic soils can also produce HONO and NO and the exposure to high soil temperatures might have an effect on their emission rates. We also hypothesize that, similar to the trace gas emissions for CH 4 and N 2 O as published by Maljanen et al. (2017) , CO 2 emissions are temperature sensitive, but that soil microbes have adapted to the exposure to elevated temperatures (Poeplau et al. 2017) . Those adaptations will be reflected in the CO 2 , N 2 O, and CH 4 production rates in laboratory incubations at room temperature. In addition to biological formation of the greenhouse gases, the role of geothermal outgassing of CO 2 , CH 4 and N 2 O through the soil, especially in the warmest plots, is discussed. Maljanen et al. (2017) , Gargallo-Garriga et al. (2017) and Leblans et al. (2017 where grasses were covering 20% of the surface after some tree mortality had opened up the stand, and on FN+20 (100% moss cover), where all Sitka spruce trees had been killed due to high soil temperatures (O'Gorman et al. 2014 , Sigurdsson et al. 2016 . Samples were collected from two depths, 0-5 cm and 5-10 cm, by cutting a square hole (10 x 10 cm) with a knife. Four subsamples were pooled and sieved (4 mm) and within two days samples were transported to Finland for analysis. Soil pH and electric conductivity (EC) were measured from a sample:water slurry (30:50 v/v). Total carbon (C) and nitrogen (N) were analyzed with an elemental analyzer (Thermo Finnigan, Germany, Flash EA 1112). For analysis of nitrate (NO 3 -) and nitrite (NO 2 -) 30 ml soil and 100 ml milliQ-H 2 O were shaken at 175 rpm for one hour and then filtered and analyzed with an ion chromatograph (DX 120, Dionex Corporation, USA). Gravimetric moisture (g H2O g dry soil -1 ) was determined by drying the samples for 24 h at 105 °C. (n=3) shown for field measurements, laboratory incubations were made without replicates due to small amount of samples available. The laboratory production rates of samples from 0-5 cm (white bar) and 5-10 cm (black bar) were measured at +20 °C. The line with triangles down (C) shows the actual soil (10 cm) temperatures in the field and the line with triangles up (D) shows the temperature in the laboratory during gas production measurements.
METHODS

Soil sampling and analysis
Field gas flux measurements
At the same time that the soil sampling took place (in July 2016), field measurements of CO 2 , N 2 O and CH 4 emissions were made along the soil temperature gradient using the static chamber method , with three replicate chambers at each gas sampling plots which were covered unwarmed soil and soils warmed up to 75 °C at a depth of 10 cm ( Fig. 1 , Table 1 ). The metal flux chambers (ø = 26 cm, h = 30 cm) had a hole in the top for a sampling line and for a capillary line to avoid pressure effect. Prior to sampling, the sharp edge at the bottom of the chamber was twisted 3-5 cm into soil and the top was sealed with a rubber septum. A total of six gas samples (25 ml) were collected with a 60 ml syringe (Terumo) 5, 10, 20, 30, 40 and 60 min after installing the chamber. Within 8 h, the samples were injected into 12 ml Labco pre-evacuated vials (Labco Excetainer ® ) for gas analysis with a gas chromatograph (Agilent 7890B, Agilent Technologies, USA) at University of Eastern Finland (UEF) . Soil temperatures were recorded manually at each sampling location next to the chambers at depths from 5, 10, and 20 cm. Field measurements of NO and HONO were not applicable and these gases were only studied in the laboratory.
Soil gas concentrations
Soil CO 2 , CH 4 and N 2 O concentrations were measured at the sampling points simultaneously with the gas flux measurements. Therefore, gas samples of 20 ml were taken into a 60-ml syringe with a stainless steel sampling probe (ø = 3 mm, l = 50 cm) at four soil depths: 10, 20, 30 and 40 cm. Samples were treated and analyzed at UEF as described above.
Laboratory gas flux measurements
The gas flux measurements in the laboratory at UEF were made at room temperature (20°C). Soil samples from each sampling point and depth (no replicates due to the small amount of sample which we were allowed to take from this unique experimental site) were placed in a PVC cylinder (ø 10 cm) to simulate field conditions and the bottom of the cylinder was sealed with aluminum foil. Nitrous oxide, CH 4 and CO 2 fluxes were measured with a static chamber system and samples were taken with syringes from the headspace of the chamber at intervals of 5, 10, 15 and 20 min after closing the PVC chamber (vol. 1.0 l) fitted on the PVC cylinder. Gas samples were treated and were analyzed at UEF with a gas chromatograph as described above. For the HONO and NO emission measurements the cylinders were placed in a Teflon chamber (volume 3.2 l, details in Bhattarai et al. 2018 ) and the gas fluxes were measured by the dynamic flow chamber method. A commercial HONO analyzer (LOPAP, QUMA Elektronik & Analytik GmbH, Germany; detailed description of the principle of the device in Heland et al. 2001 ) was used for HONO and a Thermo 42i NOx analyzer (Thermo Fisher Scientific, USA) was used for NO. The flow rate in the HONO measurements was 4 l min -1 and for NO 0.5 l min -1 .
Statistics
The correlations between field gas fluxes, gas production rates and soil parameters were tested using a non-parametric Spearman correlation since Levene's test showed that flux data was not normally distributed (SPSS 21 statistical program, IBM Inc., NY, USA).
RESULTS
Soil properties
The temperature range in the soils sampled in 2016 was from 10 (unwarmed ambient temperature) to 75 °C at 10 cm depth (Table  1) . Soil pH varied between 5.4. and 6.7 and there was no clear correlation with temperature; however, the highest pH was measured from the warmest FN+40 plot at a depth of 5-10 cm. Soil electrical conductivity increased with increasing temperature. Soil gravimetric moisture varied between 38 and 64% and was highest in plot FN+10 and lowest in FN+40. Carbon and N concentrations were not well correlated with temperature; however, the lowest values were measured from the warmest plot FN+40 (Table  1) .
Carbon dioxide fluxes and soil concentrations CO 2 emissions from the three coolest plots (FN+0, FN+1 and FN+6) were quite similar when measured in the field and in the laboratory at 20 °C (Fig. 1) . In the field, the highest CO 2 emissions were found at FN+10, and were much higher in the field than was found in the laboratory at similar temperatures. The CO 2 emissions from FN+20 and FN+40 were also much higher than those measured at constant temperature in the laboratory (Fig. 1) . The lowest CO 2 production rates (at 20 °C) in the laboratory were measured in soils from the warmest plots.
The soil CO 2 concentrations were the lowest in the coolest plot and increased with depth (from 1,400 to 2,200 µl l -1 ), whereas the highest CO 2 concentrations were also measured from plot FN+10, up to 112,000 µl l -1 at depth of 40 cm (Fig. 2) .
Methane fluxes and soil concentrations
There was clear CH 4 uptake by the coolest soils, both in the field and in the laboratory measurements, and the uptake rates were rather similar between field and laboratory measurements, especially for plot FN+10 where field temperature was close to laboratory temperature (Fig. 1) . However, the warmest soils had small CH 4 emissions in the field and they did not produce (or consume) any CH 4 in the laboratory experiment. Soil concentrations of CH 4 ran between 0.7 to 1.3 µl l -1 in the coolest FN+0 plot, decreasing with depth, but in the warmer plots concentrations increased with depth up to 38 µl l -1 (Fig. 2) Nitrous oxide fluxes and soil concentrations Nitrous oxide emissions measured from the field increased with increasing soil temperature (p < 0.001, r = 0.985) (Fig. 1) . In the laboratory experiment there was no linear correlation between N 2 O production rates and the original field soil temperature. The highest N 2 O production rate was measured from plot FN+20 (depth 0-5 cm) and from plot FN+10 (depth 5-10 cm). Nitrous oxide concentrations (from 0.38 to 0.39 µl l -1 ) in the coolest plot (FN+0) were slightly higher than the ambient (0.33 µl l -1 ) concentration and did not differ between depths (10-40 cm). However, in the warmest plots, N 2 O concentrations were higher than ambient and increased with depth up to 4.3 µl l -1 (Fig. 2) . The concentrations of NO 3 -and NO 2 -in soil were below the detection limit (0.01 µg N g -1 ) in all other plots except in the warmest plots FN+20 and FN+40 (Fig. 3) .
HONO and NO production rates in the laboratory
In addition to N 2 O, the soils all produced NO and HONO, which were measured only in the laboratory (Fig. 3) . The production rates of NO and HONO were higher in the 0-5 cm samples, especially in the warmest plots, whereas the N 2 O production rate was higher in the 5-10 cm samples. The NO and HONO emissions were associated with the availability of NO 3 -/NO 2 -in the soil, which were barely above the detection limit (0.01µg N g -1 ) in the samples from the two warmest plots (Fig. 3) . The highest NO emissions rates were measured from the soils from the warmest plots, but HONO emissions were less variable. HONO emissions correlated negatively with soil moisture (depth 0-5 cm p = 0.042, r = -0.829; depth 5-10 cm p = 0.005, r = -0.943). The HONO and NO production rates did not correlate with any other measured parameters (Fig. 4) .
DISCUSSION
Field CO 2 , CH 4 and N 2 O fluxes
The CO 2 emissions in the field were lowest at the low temperatures and very high from the three warmest plots. Field soil CO 2 emissions seemed to peak on plot FN+10 where soil temperature at a depth of 10 cm was about 20 °C. However, the field CO 2 emissions decreased when the temperature reached 40 to 70 °C. This can be explained by heat stress at higher temperatures, where soil microbes can die or operate at suboptimal conditions for mesophiles. Such temperature optimum for soil respiration, however, is not commonly found in nature or in warming experiments (Chapin et al. 2002 , Lu et al. 2012 ) with less warming. Additionally, the respiration by the ground vegetation may have enhanced CO 2 fluxes in plot FN+10, since this was the only plot with a significant amount of living grasses on the surface. There could also have been a change in microbial community structure from mesophiles to thermophiles. Crowther & Bradford (2013) showed that warm-acclimated microbes had lower growth and respiration rates at intermediate . Production rate measurement were made from a single sample without replicates due to small amount of sample. Note the logarithmic y-axis for NO 3 -concentration. temperatures than cold-acclimated isolates. The third potential reason for reduced CO 2 flux rates at the highest temperatures would be a resource limitation for the soil microbes due to loss of soil organic matter after eight years of soil warming, similar to what has been found in a nearby grassland that was also warmed from 2008 (Poeplau et al. 2017 ). This last hypothesis was partly confirmed by our finding that soil carbon concentrations decreased at the highest soil temperatures (Table 1 ) and with the laboratory measurements with soils sampled from plots with topsoil temperature above 20 °C, since there also the lowest soil respiration rates were found at higher initial temperatures (Fig. 3) . Nitrous oxide emissions increased with increasing soil temperature, whereas CH 4 was showing negative flux (uptake) which increased with moderate warming (up to +5 °C), but thereafter net CH 4 emissions were observed. High emissions of N 2 O and CH 4 from the warmest plots, and thus a significant warming response of the trace gas fluxes over the entire temperature range, were also recorded in an earlier study at the same site ). The flux rates at the coolest plots (up to +5 °C) were also similar to those reported for boreal forest sites on mineral soil (Maljanen et al. 2010) .
GEOTHERMAL WARMING AFFECTING GAS EMISSIONS FROM FOREST SOIL
The soils from the coolest plots showed CH 4 uptake, both in the field and laboratory (see below ; Fig 1) . The methane uptake rate first increased with a slight increase of in situ temperature, but soils from the warmest plots were emitting CH 4 . This may indicate that the warmer soil conditions could be unfavourable for methane oxidizers because upland forest soils generally have some CH 4 uptake (LeMer & Roger 2001) . The CH 4 emissions from the field are difficult to explain based on the biological control mechanisms. The soils were drier and most probably more aerobic at higher temperatures (Table 1) , and C concentration was also low, and therefore these factors did not support the biological CH 4 production from organic matter in anaerobic conditions. Thus, CH 4 produced from abiotic geothermal sources could potentially contribute to the CH 4 efflux at the ForHot sites. Such processes are known from deep geological sources where abiotic CH 4 can be emitted (Etiope & Sherwood Lollar 2013 , Klusman et al. 2000 .
Nitrous oxide emissions increased linearly with temperature under field conditions with the highest rates observed at 75 °C in soil (depth 10 cm). Since the microbial production of N 2 O is favoured if there are both aerobic and anaerobic microsites (nitrification in aerobic conditions and denitrification in anaerobic conditions), this is theoretically possible, although thermophilic denitrifiers/nitrifiers would need to be operating at such high temperatures. There is some evidence of such thermophilic nitrifiers can still be active above 70 °C (de la Torre et al. 2008) . We detected also high nitrate concentrations in the warmest FN+40 plot, which could support the high nitrification rate found there. However, the geothermal sources of N 2 O may also play a role, as suggested earlier Comparison to earlier measurements High emissions of N 2 O and CH 4 were measured from the warmest plots. Nitrous oxide emissions measured from the field during the growing seasons were higher in 2012-2014 (up to 150 µg N 2 O m -2 h -1 ) than in our present measurements from 2016 (up to 30 µg N 2 O m -2 h -1 ). Methane emissions in 2016 were similarly lower from the warmest plots (up to 0.1 mg CH 4 m -2 h -1 ) than in 2012-2014 (up to 1.25 mg CH 4 m -2 h -1 ) . This may be due to changes in the geothermal system between these years because the soil temperature had also significantly increased in the warmest plots from 2012-2014; the maximum temperature recorded at a depth of 10 cm in 2016 had changed from 51 ) to 75 °C. Such large fluctuations in T s seem to affect mostly the warmest parts of the forest temperature gradients, an area where the warming gradient is very steep (Sigurdsson et al. 2016) . Similar irregular shifts in the spatial boundaries within this hottest area (>+20 °C) were also recorded with continuous measurements of T s in 2011 -2012 . Comparable unexplained shifts or pulses have also been repeatedly observed in drill-holes for hot water in a nearby geothermal field (Helgadottir, pers. comm.) . 2 , CH 4 and N 2 O fluxes As expected, field fluxes did not correlate well with laboratory fluxes measured at a standard temperature of 20 °C. However, the CO 2 emissions also differed when comparing similar field and laboratory temperatures; i.e. the field emissions of CO 2 were several times higher in the plot FN+10, where field soil temperature (19 °C) was close to the temperature in the laboratory (20 °C), where a 10 cm deep soil sample was incubated. This could have been due to disturbance effects caused by sieving and re-packing the soils in the laboratory. However, this could also indicate that CO 2 (as well as CH 4 and N 2 O at the warmest temperatures, see below), were produced at lower soil depths in the field (soil depth was on average ca. 70 cm; Sigurdsson et al. 2016) , possibly even from deeper sources where some geothermal CO 2 can outgas from the nearest volcano's (Mt. Hengill) magma chamber. Geothermal CO 2 could be transported through the bedrock with geothermal water and mainly outgassed through the soil where the geothermal soil warming was highest (and where geothermal channels were closest to the surface). Such phenomena are known to occur very close to geothermal fumaroles in the same area as the ForHot experiment is located (Fridriksson et al. 2006) and are also known from other studies on volcanic soils (Rey 2015) .
Field versus laboratory measurements of CO
The laboratory incubations also pointed toward some potential non-biological (geothermal) sources of CH 4 , since laboratory production rates did not mirror the emissions measured in the field. The laboratory experiment also showed that the warmest soils did not have the potential to oxidize atmospheric CH 4 at room temperature, most probably due to changes in methanotroph communities.
In the field, N 2 O emissions increased with increasing temperature with the highest rates observed at 75 °C in the soil. However, in the laboratory experiment, where N 2 O emissions were only measured at +20 °C, the highest production rates were found in soils from 20-40 °C soil temperature (FN+10 and FN+20), which is likely the optimum temperature for N 2 O production (Barnard et al. 2005) . Therefore, we cannot totally exclude the possibility of a deeper geothermal N 2 O source at the highest soil temperatures, a phenomenon that has been little studied for nitrogen gases (Klusman et al. 2000) .
The soil CO 2 , CH 4 and N 2 O concentrations Soil gas concentrations were in line with the flux results from the field experiments, with highest concentrations of N 2 O and CH 4 found at the warmest temperatures, while CO 2 concentrations were highest at FN+10. Methane concentrations increased in the warmer soils with depth, hinting at other than a biological source in this well aerated upland soil (LeMer & Roger 2001). As expected, CH 4 concentrations in the coolest plot decreased, however, with depth, indicating oxidation of atmospheric CH 4 and no significant CH 4 source from the deeper soil layers. This finding also supported the suspected geothermal source of CH 4 at high temperatures, as discussed earlier.
The potential geothermal outgassing
At present, we can only speculate about a geothermal source of greenhouse gases from the warmest plots of the natural geothermal temperature gradients in southern Iceland. The potential geothermal outgassing of CO 2 , CH 4 and N 2 O in the warmest soils needs to be studied further at the ForHot field sites, e.g. using stable isotope ratios of N and C (δ 15 N of N 2 O and δ 13 C of CH 4 and CO 2 ). Also, it is of high importance to determine if such geothermal outgassing might be limited only to the warmest part of the existing geothermal temperature gradients. The soil surface gas exchange measurements with analysis of isotopic ratios in the gases could be applied at the gradient for enhancing our understanding of how much geothermal outgassing is affecting the flux rates and how biological processes are affected by the soil temperature alone.
HONO and NO emissions
Little is known about the origins of HONO emissions (Maljanen et al. 2013) . The volcanic soils of the Sitka spruce stand had the potential to emit HONO and NO, as was found in the incubation experiment. These NO and HONO emissions were, however, lower than those measured with similar methods from, for example, agricultural soils (Bhattarai et al. 2018 , Oswald et al. 2013 ), but higher than those measured from coniferous forest soils in Finland (Maljanen et al. 2013) . The highest emissions of HONO and NO were measured from the top soil layer of 0-5 cm. These emissions were linked to availability of NO 3 /NO 2 -as reported by Su et al. (2011) and also soil moisture (Fig. 4) . HONO and NO emissions increased with decreasing soil moisture, similar to results reported by Oswald et al. (2013) . However, NO and HONO emissions were not tightly associated with N 2 O production.
Conclusions
The warmest plots in the natural temperature gradient in volcanic forest soil also emitted, in addition to previously reported CH 4 and N 2 O, more CO 2 than the plots under ambient in situ soil temperature. These volcanic soils were also sources of NO and HONO in the laboratory measurements. When soils sampled from these plots with variable soil temperatures were incubated at a standard temperature (20°C), the production rates of CH 4 , N 2 O and CO 2 were still different between the plots, but temperature effects varied considerably between laboratory and field. The very high in situ emissions from the warmest plots and low emissions from laboratory incubations may possibly indicate adaptation mechanisms, but hint also at some geothermal rather than biological source for these gases. More studies are needed to confirm that, but if this assumption holds true, source partitioning with stable isotopes needs to be carried out on CO 2 , CH 4 and N 2 O emitted from these soils before interpreting temperature effects on greenhouse gas emissions from natural geothermal temperature gradients like ForHot sites. 
